Cripto, a member of the epidermal growth factor-Cripto-FRL-Criptic (EGF-CFC) family, has been described recently as a potential target for immunotherapy (Adkins et al., J Clin Invest 2003;112:575-87). We have produced rat monoclonal antibodies (mAbs) to a Cripto 17-mer peptide, corresponding to the "EGF-like" motif of Cripto. The mAbs react with most cancers of the breast, colon, lung, stomach, and pancreas but do not react or react weakly with normal tissues. The mAbs inhibit cancer cell growth in vitro, and this effect was greater with cytotoxic drugs such as 5-fluorouracil, epirubicin, and cisplatin. The anti-Cripto mAbs prevent tumor development in vivo and inhibit the growth of established tumors of LS174T colon xenografts in Scid mice. The growth inhibitory effects with these mAbs may be greater than those described elsewhere, possibly because of IgM giving more effective cross-linking or binding to a different epitope (EGF-like region versus CFC region). The mechanism of inhibitory effects of the Cripto mAbs includes both cancer cell apoptosis, activation of c-Jun-NH 2 -terminal kinase and p38 kinase signaling pathways and blocking of Akt phosphorylation. Thus, Cripto is a unique target, and mAbs to Cripto could be of therapeutic value for human cancers.
INTRODUCTION
Human Cripto is a M r 36,000 molecule, classified in the epidermal growth factor-Cripto-FRL-Criptic (EGF-CFC) family, caused by the conservation of six cysteines in the central region (amino acids 77-113); however, there is little resemblance to EGF, and Cripto does not bind to any EGF receptors (1, 2) . The EGF-CFC family includes human Cripto, mouse Cripto-1, cryptic Xenopus FRL-1, zebrafish one-eyed pinhead, and chick Cripto (3, 4) . Cripto contains a signal sequence, a characteristic EGF-like domain, a second cysteine-rich region motif (CFC domain), and a hydrophobic COOH-terminus. Additionally, Cripto is a membrane-bound protein, anchored in the lipid bilayer of cell surfaces by a glycosyl-phosphatidylinositol (5), and acts as both cell surface coreceptors (6) and has activity when expressed as soluble proteins (4, 6 -8) . Cripto plays an important role in embryonic development in zebrafish and Xenopus; in the mouse, a germ line knockout of the mouse Cripto gene was lethal, and in zebrafish, injection of recombinant Cripto protein into late blastulae rescued a mutant phenotype (9, 10) . Cripto also is an oncogenic growth factor involving tumorigenesis and cancer cell proliferation and survival (11, 12) because transfection of Cripto cDNA induces cell transformation (13) . In addition, Cripto transgenic mice develop ductal hyperplasia and papillary adenocarcinomas of the mammary gland (14, 15) . Cripto enhances cancer cell migration in vitro and branching morphogenesis of mammary epithelial cells that may contribute cancer metastasis (16, 17) . Cripto is absent or in low levels on normal tissues and is expressed in most malignant tumors, including colon, breast, lung, ovarian, and pancreatic cancers (18 -23) .
There have been some difficulties in defining the Cripto receptor, but Cripto was found recently to interact with Glypican-1 (24) and indirectly with erbB-4 (25) and fibroblast growth factor receptor (3) to promote activation of cell proliferation ras/raf/extracellular signalregulated kinase/mitogen-activated protein kinase (MAPK; Ref. 26) and cell survival phosphatidylinositol 3Ј-kinase/Akt (27) pathways. In addition, Cripto forms a complex with activin and type II activin receptors and inhibits activin signaling (28) . Activin, similar to transforming growth factor ␤, is a potent inhibitor of cell growth in various target tissues. Disruption of activin signaling is associated with carcinogenesis (29, 30 ). Cripto appears to play a dual role as a coligand and coreceptor for Nodal signaling and acts together with Nodal as a paracrine signal (6) . However, the precise function of Cripto in carcinogenesis and metastasis is not clear. Targeting Cripto by using anti-Cripto monoclonal antibodies (mAbs) may interfere with the Cripto function by competing with binding to its receptor, inhibiting Cripto-mediated MAPK/Akt pathways (26, 27) , or by releasing the block of activin signaling (28) . We note the recent description of mAbs (IgG) that react with the Cripto CFC domain (versus EGF-like domain described here), leading to decreased tumor cell growth in mouse models (31) . We have produced mAbs to a Cripto 17-mer peptide within the EGF-like region of Cripto and selected mAbs by using growth inhibition rather than by conventional serology. We report here that (a) mAbs to Cripto react with a number of cancers but do not react or react weakly with normal tissues; (b) the Cripto mAbs inhibit cancer cell growth in vitro and inhibit established tumor growth of colon cancer xenograft in Scid mice; and (c) the mAbs inhibit Cripto Akt signaling and activate stress-activated protein kinase (SAPK)/c-Jun NH 2 -terminal kinase (JNK) and p38 pathways, leading to apoptosis, demonstrated by propidium iodide (PI), DNA fragmentation, and poly(ADP-ribose) polymerase (PARP) cleavage assays. These results indicate that targeting Cripto using mAb can interrupt Cripto function and may be a useful approach to cancer therapy.
Cell Lines. Cancer cell lines used were LS174T and HT-29 (colon); MCF-7, MDA231, and ZR75 (breast); DU145, PC3, and LNCap (prostate); Ben and Colo338 (lung); CCRF-CEM and its drug-resistant variant CEM/A7R (leukemia; Ref. (34) . Second, to measure viable cell numbers, the trypan blue dye exclusion method was used. Cells were seeded in 25-cm 2 flasks at an initial concentration of 5 ϫ 10 4 cells in 10 ml of medium and incubated overnight; anti-Cripto mAbs (30 g/ml) then were added to the culture. Five days later, viable cells were counted (36) . For CCRF-CEM and CEM/A7R, 2 ϫ 10 5 cells were incubated with C4 or C13, and viable cells were counted on day 3 (34, 36) .
Antitumor Effect in Vivo. Scid mice were inoculated s.c. with human colon cancer cell line LS174T cells (2.5 ϫ 10 6 ). Eight h later, the mice received 0.5 mg C13, followed by another 0.25 mg i.p. as indicated in Fig. 3 . Tumors were measured at 2-4-day intervals with calipers, and tumor size was calculated (length ϫ width ϫ height; Ref. 37) . To further test antitumor efficacy of the Cripto mAb, an established LS174T tumor in Scid mice was treated with C13 (0.5 mg) i.p. on day 11 when the tumors had reached an average size of 225 mm 3 , followed by 0.25 mg C13 as indicated in Fig. 3 . DNA Fragmentation. Cancer cells (1 ϫ 10 6 ) were treated with anti-Cripto mAbs for 72 h and lysed in 10 mM EDTA, 10 mM Tris (pH 8.0), and 0.5% Triton X-100 on ice for 15 min. After centrifugation, soluble (fragmented) DNA was separated from the pellet and treated with RNase A (50 g/ml) and proteinase K (100 g/ml) in 0.5% SDS at 50°C for 2 h. The fragmented DNA was extracted with phenol/chloroform, precipitated in ethanol, electrophoresed on a 2% agarose gel, and stained with ethidium bromide (38) .
Western Blot and Signal Transduction Analysis. Colon cancer LS174T cells (5 ϫ 10 6 ) were treated with mAbs for various times. The cells were lysed and sonicated in 0.5 ml lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium PP I , 1 mM ␤-glycerolphosphate, 1 mM sodium orthovanadate, 1 g/ml leupeptin, and 1 mM phenylmethyl sulfonyl fluoride. The lysed samples were separated by 12.5% or 7.5% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (Amersham Pharmacia Biotech, Piscataway, NJ). The blots were blocked with 5% no-fat dry milk in Tris-buffered saline buffer with 0.1% Tween-20 at room temperature for 1 h and probed with appropriate dilution of anti-Cripto mAb C4. To measure the signaling pathways, anti-phospho p44/42 MAPK (Thr202/Tyr204; New England BioLabs, Beverly, MA), anti-phosphoAkt (Ser473), and anti-phospho p38 SAPK (Thr180/Tyr182; Promega, Madison, WI) antibodies were used. An anti-PARP (PharMingen, San Diego, CA) also was used to detect fragment (M r 85,000) of PARP. The proteins in the polyvinylidene difluoride membranes were visualized using chemiluminescence reagent (Perkin-Elmer) after adding horseradish peroxidase-labeled second antibodies. The JNK activity was measured using an SAPK/JNK assay kit (New England Biolabs). A recombinant fusion protein c-Jun residue 1-89 and glutathione S-transferase (GST-c-Jun) were used as the substrate for activated JNK. Briefly, the supernatant of cell lysate was incubated with immobilized GST-c-Jun fusion protein overnight at 4°C to precipitate activated JNK. Kinase reaction was carried out in vitro at 30°C for 30 min in kinase reaction buffer [25 mM Tris-HCl (pH 7.5), 5 mM ␤-glycerolphosphate, 2 mM DTT, 0.1 mM sodium orthovanadate, and 10 mM MgC1 2 ] containing 100 M ATP. Phosphorylation of GST-c-Jun on Ser-63 was analyzed by immunoblotting using anti-phospho-specific c-Jun (Ser-63) antibody as described previously.
Statistical Analyses. Statistical analyses were performed using GraphPad InStat software (GraphPad Software Inc., San Diego, CA). The Mann-Whitney nonparametric U test was used to compare the tumor sizes in groups of mice treated with mAb and PBS, respectively.
RESULTS
Characterization of mAbs to Cripto. After fusion of rat spleen cells and murine myeloma cells, hybridomas were screened by ELISA; those reacting with the Cripto 17-mer peptide but not with carrier KLH were screened in a cell growth assay to select mAbs that gave Ͼ60% of inhibition of [ 3 H]thymidine incorporation by the Cripto-positive breast cancer MCF7 and colon cancer LS174T cell lines. Of 17 rat mAbs produced, 10 of 17 gave inhibition, of which 2 mAbs (C4 and C13, both IgM) are reported here. The reaction of the mAbs was specific for Cripto because they reacted with the 17-mer peptide and with a 38-mer peptide (corresponding to 76 -113 amino acids of Cripto EGF-like region and containing the 17-mer peptide; data not shown) but not with KLH or other peptides (Fig. 1A ). In addition, by Western blot analysis the mAbs reacted with M r 36,000 molecule from lysates of cancer cell lines DU145, LNCap, MCF7, and LS174T but not from Cripto-negative human 293 cells (Fig. 1B) . The (Fig. 1, C-H) . In reactive cells, the staining was on the cell surface and in the cytoplasm (Fig. 1, C-E) . Cell lines MCF-7 and LS174T also were reactive by immunoperoxidase and immunofluorescence staining with strong staining of the cell surface and cytoplasm (Fig. 1, I-K) . The results indicate that Cripto is highly expressed in most malignant tumors and cancer cell lines but is absent or weakly present in normal tissues.
Anti-Cripto mAbs Inhibited the Growth of Cancer Cells. C4 and C13 mAbs inhibited in vitro the growth of cancer cell lines HT29 and LS174T (colon cancers); MCF7, MDA-231, and ZR-75 (breast cancers); DU145 and PC3 (prostate cancers); Colo 338 and Ben (lung cancers); and CCRF-CEM (leukemia) and its drug-resistant variant CEM/A7R when tested by [ 3 H]thymidine incorporation. Inhibition of 70 -95% of thymidine incorporation was observed in most tested cancer cell lines (Fig. 2A) . The inhibition of mAbs also was examined by counting cell numbers using trypan blue exclusion (Fig. 2B) . There was no inhibition on the growth of the Cripto-negative 293 cells (Fig.  2, A and B) , and control nonreactive mAb had no effect on the growth of either tumor cells or 293 cells (not shown).
Combination of mAbs with Cytotoxic Drugs in Vitro. Anti-HER-2/neu antibodies such as Herceptin can have increased activity in combination with cytotoxic drugs (37) , and this also was demonstrated by the anti-Cripto mAbs with three different drugs (Fig. 2,  C-E) . For example, C4 (10 g/ml) inhibited growth of LS174T by 26.4% and 5-FU (1.5 g/ml) by 21.6%; the combination of C4 and 5-FU inhibited growth by 52.2% (Fig. 2C) . The enhanced cytotoxicity also was demonstrated at different concentrations of C4 (10 -30 g/ml) and 5-FU (1.5-3.0 g/ml; Fig. 2C ) and in the combination of C4 with epirubicin or cisplatin on LS174T cells (Fig. 2, D and E) . Similar results also were obtained on MCF7 (data not shown). Thus, anti-Cripto-1 mAbs could inhibit cell growth in vitro, and the combination of the mAbs and cytotoxic drugs enhanced the inhibitory effects.
Cancer Growth Inhibition of Colon Cancer in Mice. The antitumor effect of Cripto mAb in vivo was demonstrated by two xenograft models. First, in the preventive model, Scid mice were treated with C13 8 h after the inoculation of LS174T cells. Each mouse received six injections (total of 1.75 mg) of C13 mAb. Tumors in mice treated with C13 were eradicated completely (Fig. 3A) . Second, in the 3 ) were treated with C13 (0.5 mg) on day 11, followed by another four injections (total of 1.5 mg). The tumor size was reduced significantly (80%) in the C13-treated group (540 mm 3 ) compared with untreated control (2650 mm 3 ; n ϭ 6; P Ͻ 0.05; Fig. 3B ). Thus, C13 can inhibit cancer cell growth not only in vitro but also in vivo.
Apoptosis Induced by Cripto mAbs. Because mAbs decreased [ 3 H]thymidine uptake ( Fig. 2A) and absolute cell numbers (Fig. 2B) , it was likely that there was apoptosis, and this was shown by three assays: (a) the presence of dead cells could be shown by PI staining: 80% dead cells were obtained with C4 compared with 15% with a negative control mAb (Fig. 4A) ; (b) DNA fragmentation of LS174T cells occurred after 72-h incubation with C4 (Fig. 4B) ; and (c) the production of an M r 85,000 fragment of PARP (an M r 116,000 nuclear PARP) was shown by Western blot analysis after treatment of LS174T with C4 (Fig. 4C) . DNA fragmentation and the cleavage of PARP (appearance of the M r 85,000 fragment) indicate activation of the downstream effecter caspase-3.
Signal Transduction Induced by Cripto mAbs. Cripto is reported to activate MAPK (ras/raf/MAP/ERK kinase/MAPK) and phosphatidylinositol 3Ј-kinase/Akt (26, 27) . However, the effect of Cripto on SAPK/JNK and p38, members of MAPK family, has not been reported. The effect of anti-Cripto mAbs on the activation of Akt, MAP/ERK kinase/MAPK, and proapoptotic signaling pathways of SAPK/JNK and p38 was examined.
Effect of Anti-Cripto mAbs on Akt and MAPK Activation. Akt is activated by various growth factors through phosphorylation of Thr308 and Ser473 at the COOH-terminus to promote cell survival and proliferation. With C4 treatment (5 or 10 g/ml), the level of Akt phosphorylation in LS174T cells was decreased at 3 h (Fig. 5A) ; by 8 h, the level had returned to normal (Fig. 5, B and C) possibly because of the secretion of soluble Cripto from LS174T cells (27) . There was no change in the level of P44/42 (MAPK) after treatment of LS174T with C4 for 3 h (Fig. 5A) , indicating the mAb was not involved in the MAPK pathway.
Activation of JNK and p38. JNK can be activated by stress (including UV and ␥ radiation), inflammatory cytokines, and some growth factors and could be tested by GST-c-Jun phosphorylation. C4 activated JNK after 3-h treatment of LS174T cells (10 g/ml Ͼ 5 g/ml), indicated by phosphorylation of GST-c-Jun (Fig. 5A) . The (Fig. 5, B and C) , less at 48 h, with a return to basal level by 72 h. C4 activates JNK in a dose-and time-dependent manner. The level of p38 in LS174T cells was increased by 24 h, further increased by 48 h, and reached the highest level at 72 h. The results show that C4 affects three separate signaling pathways: SAPK/JNK, p38 activation, and Akt inhibition, all of which are likely to be integrated into the apoptotic death signal. There was no effect on MAPK. We also noted that the expression of Cripto in LS174T cells was not changed after treatment with C4 for 3-72 h (Fig. 5) ; this differs from that obtained with Herceptin, which reduced cell surface HER-2/neu expression (39) .
DISCUSSION
We now describe new mAbs to Cripto, which have an inhibitory effect on cancer cell growth in vitro and in vivo. The mAbs were produced to a Cripto 17-mer peptide, contained within the "EGF-like" region of Cripto (so called because of the position of the six cysteines in this domain; the overall protein sequence identity with EGF is ϳ25%). To generate inhibitory antibodies in the early screening procedures, the mAbs were selected using growth inhibition rather than ELISA or other serologic assays. Consequently, the mAbs reacted with Cripto and inhibited the growth of cancer cells in vitro and in vivo; in addition, they inhibited the growth of an established human colon cancer xenograft in Scid mice. The in vitro antitumor activity of the anti-Cripto mAbs was increased when combined with cytotoxic drugs such as 5-FU, epirubicin, and cisplatin, suggesting that adjuvant therapy with selected drugs in patients could include these Cripto mAbs to enhance the therapeutic effect. We note that Cripto antisense oligonucleotides were reported to inhibit the proliferation of tumor cells (40, 41) . Other anti-Cripto mAbs more recently have been described that have growth inhibitory activity (31) . These mAbs to the Cripto CFC domain suppressed tumor cell growth in vitro and in vivo (31) . Thus, study by Adkin et al. differs from ours in several important aspects: (a) our mAbs react with the Cripto-EGF-like domain rather than with the CFC domain; (b) the mAb in the study by Adkins et al. disrupted Cripto-Nodal signaling, whereas our mAbs affect MAPK/ JNK, P38, and Akt signaling; and (c) our mAbs are IgM and could more efficiently cross-link Cripto. However, the possibility of two different signaling sites is of interest and potential therapeutic value because the two mAbs together could be more potent.
In addition to the inhibitory activity, Cripto is a useful target for immunotherapy because of its unique tissue distribution. Cripto is present at low levels in some normal tissues but is highly expressed on many cancers (60 -90%) by immunoperoxidase staining and mRNA expression (18 -23) compared with EGF and its receptors (the most studied in this field), which are expressed in more normal tissues and in fewer cancers (30 -50%) than Cripto (39, 42-44).
We demonstrate that there were several different mechanisms for the inhibition of cell growth. First, apoptosis occurred, demonstrated by PI staining, DNA fragmentation, and PARP cleavage (Fig. 4) , which indicated that activation of nuclease and caspase-3, a downstream effecter of caspase family. Second, another mechanism of inhibition of cell growth was observed caused by the sustained activation of p38 and MAPK/JNK, which led to cancer cell apoptosis. The activation of p38 and JNK is unique and is not seen with other therapeutic mAbs, such as Herceptin and Rituximab (anti-CD20 mAb) unless they are cross-linked by a second antibody (45, 46) . Apart from activation of p38 and MAPK/JNK, there was inhibition of Akt phosphorylation by anti-Cripto mAbs. Akt phosphorylation is a crucial step for cell growth and survival, and its inhibition could lead to apoptosis (27) . Similar inhibition also is found with the HER-2/neu mAb Herceptin (47, 48) . Although the inhibitory effect on Akt phosphorylation by Cripto mAb was transient, it may be important to initiate the process of apoptosis. Thus, Cripto-induced apoptosis may be the outcome of the balance of inactivation/activation of a number of signal transduction pathways affected by the anti-Cripto mAbs (49) .
To initiate their actions, Cripto mAbs could bind to either soluble Cripto (ligand) or cell surface bound Cripto (coreceptor) or to both forms simultaneously to interfere with Cripto function. Other studies have shown that Cripto peptide p47-mer (corresponding to residues 67-113 spanning the EGF-like region of Cripto) can bind to Glypican-1 and activate c-Src to induce MAPK and Akt activation (24, 26, 48) , cell migration (16) , and branching (13) , indicating the p47-mer in the EGF-like domain is a ligand/receptor-interacting motif. Furthermore, the EGF-like domain also is required for Cripto to bind activin in the presence of type II activin receptors to block activin signaling as an additional mechanism for cell growth (28) . Our results indicate that the 17-mer motif included in the 47-mer may be the crucial motif for Cripto function. Therefore, the mAbs to the 17-mer peptide may affect Cripto function in four ways: (a) Cripto, a glycosyl-phosphatidylinositol-anchored protein, which forms rafts, could be cross-linked by Cripto mAbs, resulting in activation of the associated Src family protein tyrosine kinases (48); (b) the mAbs bind to cell surface Cripto and trigger MAPK/JNK and p38 signaling transduction; (c) the mAbs block the binding of soluble Cripto to Glypican-1 and inhibit activation of Akt; and (d) the mAbs could block the binding of Cripto to activin and abolish antagonism of Cripto on activin signaling pathways, resulting inhibition of cell growth. To determine whether the antibodies react with cell surface and/or soluble Cripto and which of these mechanisms is important is the subject of current studies.
The results indicate that Cripto is a unique target, and mAbs to Cripto have a potential to manage various cancers. Therefore, it is appropriate to develop humanized mAbs to Cripto for clinical trial; these could be more effective than the rat mAbs by activation of complement to lead to opsonization and cell lysis or involve Fc receptors to lead to antibody-dependent cellular cytotoxicity in addition to apoptosis induced through signal transduction (50). 
